injury (18, 20) by activating A 1 (20) or ␣ 1 -adrenergic (19) receptors and the ⑀-isoform of PKC (21) . These data suggest the signal transduction pathways responsible for chronic ethanol-induced preconditioning (CEPC) and IPC may be similar. Whether K ATP channel activation plays a role in CEPC is unknown. Thus we tested the hypothesis that K ATP channels mediate CEPC in a canine model of chronic, intermittent ethanol ingestion.
METHODS
All experimental procedures and protocols used in this investigation were reviewed and approved by the Animal Care and Use Committee of the Medical College of Wisconsin. All conformed to the "Guiding Principles in the Care and Use of Animals" of the American Physiological Society and the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (Revised 1996) .
Model of chronic, intermittent ethanol consumption. Mongrel dogs weighing between 25 and 30 kg were randomly assigned to receive dry dog chow (Lab Canine Diet, Richmond, IN) mixed with ethanol (1.5 g/kg) or an equal volume of water twice a day for 12 wk (4). Blood ethanol concentrations were determined using a standard enzymatic assay (11) 45 min after eating on random days. Drinking water was provided ad libitum. Dogs that failed to consume the chowethanol mix or lost weight during the 12-wk pretreatment period were excluded from further experimentation. Dogs were fasted overnight before and did not receive ethanol on the day of experimentation.
Surgical preparation. Implantation of instruments has been previously described (13) . Briefly, dogs were anesthetized with barbital sodium (200 mg/kg) and pentobarbital sodium (15 mg/kg) and ventilated with an air and oxygen mixture (fraction of inspired oxygen 0.25) after endotracheal intubation. Arterial blood gas tensions and acid-base status were maintained within a physiological range by adjustment of the tidal volume and respiratory rate. A double pressure transducer-tipped catheter was inserted into the aorta and left ventricle (LV) through the left carotid artery for measurement of arterial and LV pressures and the maximal rate of increase of LV pressure (ϩdP/dt max ). The femoral artery and vein were cannulated for the withdrawal of reference blood flow samples and fluid administration, respectively. A thoracotomy was performed in the left fifth intercostal space and a heparin-filled catheter inserted into the left atrial appendage for administration of radioactive microspheres. A silk ligature was placed around the left anterior descending coronary artery (LADCA) immediately distal to the first diagonal branch for production of occlusion and reperfusion. Regional myocardial perfusion was measured in the ischemic (LADCA) and normal (left circumflex coronary artery) zones using radioactive microspheres at selected intervals (13) . Myocardial infarct size was determined with triphenyltetrazolium chloride staining at the completion of each experiment (29) . Hemodynamics were continuously monitored on a polygraph and digitized using a computer interfaced with an analog-to-digital converter.
Experimental protocol. Baseline hemodynamics were recorded 90 min after instrumentation was completed. All dogs were subjected to a 60 min LADCA occlusion followed by 3 h of reperfusion. In four separate groups of experiments, dogs that consumed ethanol or water (control) mixed with dog chow for 12 wk were randomly assigned to receive 0.9% saline or the K ATP channel antagonist glyburide (0.1 mg/kg iv) 60 min before LADCA occlusion and reperfusion, as shown in Fig. 1 . This dose of glyburide has been previously shown to block volatile anesthetic-induced preconditioning and IPC (13) . Plasma glucose concentrations (Tracer II glucometer) were measured at selected intervals. Dogs that developed intractable ventricular fibrillation and those with a subendocardial coronary collateral blood flow Ն0.15 ml ⅐ min Ϫ1 ⅐ g Ϫ1 were excluded from subsequent data analysis (7) .
Statistical analysis. Statistical analysis of data within and among groups was performed with analysis of variance (ANOVA) with repeated measures followed by Student's t-test with Bonferroni's correction for multiplicity. Linear regression analysis was performed to determine the relationship between transmural collateral blood flow and infarct size expression as a percentage of LV area at risk (AAR). Changes within and among groups were considered statistically significant when P Ͻ 0.05. Data are expressed as means Ϯ SE.
RESULTS
All dogs consumed the assigned diet during the 12-wk pretreatment period. The average blood-ethanol concentration was 52 Ϯ 4 mg/dl 45 min after consumption of the chow-ethanol mix. Forty dogs were used to obtain 32 successful experiments. Three dogs were excluded from analysis because of intractable ventricular fibrillation during LADCA occlusion or reperfusion (1 dog from the control group, 1 dog from the glyburide alone group, and 1 dog from the ethanol and glyburide group). The number of dogs requiring defibrillation (5 dogs from the control group, 4 dogs from the glyburide alone group, 4 dogs from ethanol pretreatment group, and 5 dogs from ethanol and glyburide group) and the number of defibrillation attempts (1.9 Ϯ 0.5 from the control group, 2.1 Ϯ 0.5 from the glyburide alone group, 1.8 Ϯ 0.4 from ethanol pretreatment group, and 2.3 Ϯ 0.5 from the ethanol and glyburide group) during LADCA occlusion and reperfusion were similar among groups. Four dogs were excluded because subendocardial coronary collateral blood flow exceeded 0.15 ml ⅐ min Ϫ1 ⅐ g Ϫ1 (1 dog from the control group, 1 dog from the glyburide alone group, 1 dog from the ethanol pretreatment group, and 1 dog from the ethanol and glyburide group). Another dog receiving the chow-ethanol mix died of an unrelated illness during the 12-wk pretreatment period. Systemic hemodynamics. No differences in baseline systemic hemodynamics were observed between experimental groups (Table 1) . Twice daily consumption of ethanol for 12 wk did not affect hemodynamics. Glyburide produced no hemodynamic effects but reduced blood glucose concentration in the presence (79 Ϯ 4 to 43 Ϯ 4 mg/dl) or absence (74 Ϯ 4 to 46 Ϯ 4 mg/dl) of ethanol pretreatment. Significant (P Ͻ 0.05) increases in LV end-diastolic pressure and decreases in ϩdP/ dt max were observed during LADCA occlusion and reperfusion in all groups. There were no hemodynamic differences among groups during LADCA occlusion or reperfusion.
Infarct size and coronary collateral blood flow. The AAR was similar among groups (control group 37 Ϯ 2%, glyburide group 42 Ϯ 2%, ethanol group 41 Ϯ 2%, and ethanol and glyburide group 38 Ϯ 2% of the LV). Twelve-week pretreatment with ethanol significantly 
Data are means Ϯ SE. CAO, coronary artery occlusion; HR, heart rate; MAP, mean arterial pressure; LVEDP, left ventricular end-diastolic pressure; ϩdP/dt max , peak rate of increase of left ventricular pressure; CON, control group; GLB, glyburide group; ETOH, ethanol group; ETOH ϩ GLB, ethanol and glyburide group. * Significantly (P Ͻ 0.05) different from baseline.
reduced myocardial infarct size to 14 Ϯ 1% of the AAR (Figs. 2, 3 , and 4) compared with control experiments (25 Ϯ 2%). Glyburide abolished the protective effects of ethanol pretreatment (28 Ϯ 3%) but had no effect in dogs that did not receive ethanol (25 Ϯ 3%). Consumption of ethanol for 12 wk did not affect baseline regional myocardial perfusion. No differences in subepicardial, midmyocardial, subendocardial, or transmural coronary collateral blood flow (Table 2) were observed among groups.
DISCUSSION
Clinical studies have demonstrated that regular consumption of small amounts of ethanol reduces the incidence of coronary artery disease (26) and decreases mortality after acute myocardial infarction (28) , in part by producing beneficial alterations in lipid metabolism and platelet function (6, 24) . Several recent investigations (19) (20) (21) provide intriguing evidence that chronic, moderate ethanol consumption may also mimic the protective effects of IPC by a receptor-mediated mechanism. Isolated hearts from guinea pigs receiving ethanol (2.5-5%) in drinking water ad libitum for 12 wk before experimentation demonstrated improved functional recovery and decreased myocardial necrosis after 45 min of no-flow ischemia (19, 20) . These salutary effects were similar to those obtained with IPC in the absence of ethanol pretreatment and were inhibited by adenosine A 1 but not A 2 receptor antagonists (19, 20) . Ethanol has been shown to activate A 1 receptors (3) and increase extracellular adenosine concentration by nucleoside transportor inhibition (23) . Adenosine mimics IPC by activating A 1 receptors (1) and is coupled to K ATP channels through G i proteins in ventricular myocytes (14) . Pharmacological blockade of A 1 receptors (1) and G i proteins (27) abolishes the beneficial actions of IPC (1) .
Chronic ethanol consumption produces sustained translocation of the ⑀-isoform of PKC (21) . A role for PKC ⑀-and -isoforms has also been strongly implicated in IPC (25) , and K ATP channel opening has been linked to PKC stimulation (8) . This latter action is synergistically enhanced by concomitant administration of adenosine (17) . Ethanol also activates pertussis toxin-sensitive G protein-linked inwardly rectifying potassium (K ir ) channels in vitro (15) . The K ATP channel is a K ir channel subtype (9) that has been shown to be an important endogenous mediator of myocardial protection and has been proposed to be the putative endeffector of a signal transduction cascade responsible for the beneficial effects of IPC and anesthetic-induced preconditioning (12) . K ATP channel agonists mimic (22) and antagonists prevent (7) IPC in vivo. Taken together, these data indicate that the signaling pathways responsible for CEPC and IPC share many common features and further suggest that K ATP channels may play a central role in reduction of ischemic injury associated with chronic ingestion of low doses of ethanol.
The present results in dogs confirm and extend previous experimental (18) (19) (20) (21) and clinical (28) findings indicating that chronic ethanol consumption reduces myocardial ischemic injury. This beneficial effect was blocked by glyburide, demonstrating that this preconditioning effect is mediated by K ATP channels. The reduction in infarct size produced by chronic ethanol ingestion occurred independent of alterations in sys- Fig. 4 . Relationship between myocardial infarct size (expressed as a percentage of the left ventricular area at risk) and transmural coronary collateral blood flow in dogs receiving glyburide in the absence (GLB) and presence (GLB ϩ ETOH) of chronic ethanol consumption. The ETOH regression line (see Fig. 3 ) was significantly (P Ͻ 0.05) shifted downward compared with the regression lines for GLB and GLB ϩ ETOH. temic hemodynamics and transmural coronary collateral blood flow. Consumption of the ethanol-chow mix during the 12-wk pretreatment period consistently produced subintoxicating blood ethanol concentrations in dogs. Although the pharmacokinetics of ethanol appear to be similar in dogs and humans, the present results should be qualified because oral ingestion of the dose of ethanol used in this investigation may produce greater blood ethanol concentrations in humans than those observed here in dogs. Previous studies conducted in small mammals (18-21) did not measure blood ethanol concentrations during the pretreatment period nor quantify regional myocardial perfusion during acute experimentation. In contrast to the findings with chronic ethanol ingestion, intravenous administration of ethanol immediately before coronary artery occlusion did not affect infarct size in a similar canine model (10) . These data support the contention that the advantageous effect of chronic, modest ethanol consumption observed in the present investigation represents a temporal adaptation of signaling elements involved in protection from irreversible ischemic injury. Miyamae et al (20) have provided compelling evidence for a role for A 1 receptor activation in this time-dependent process. A strong link between A 1 receptors and K ATP channels has been established in ventricular myocardium during IPC (1), and it is highly likely that a similar mechanism may also be activated to produce CEPC. In addition, chronic ethanol ingestion has been shown to activate the PKC ⑀-isoform (21), another important component of intracellular signaling during IPC (25) that has been directly linked to K ATP channels (16) . Sarcolemmal and mitochondrial K ATP channels have been identified, and recent evidence (2, 5) suggests that mitochondrial K ATP channels play an essential role in IPC. The present data indicate that K ATP channels are clearly involved in CEPC, but the precise subcellular location of these channels remains to be defined.
In summary, the present results demonstrate that chronic, intermittent consumption of subintoxicating amounts of ethanol reduces myocardial infarct size. This protective effect was abolished by the nonselective K ATP channel antagonist glyburide, indicating that K ATP channels mediate CEPC in dogs.
